Fecundity and egg size were compared in adult of the females adult diamondback moth, Plutella xylostella (Lepidoptera: Yponomeutidae) treated and untreated with sublethal doses of fenvalerate in order to understand the physiological significance of insecticidal hormoligosis. The 4th stadium larvae were treated with fenvalerate at LD 25 or LD 50 . More eggs were laid by treated females at LD 25 than untreated females, although the difference was only marginally significant ( pϭ0.07). However, the eggs laid by treated females at LD 25 and LD 50 were significantly smaller in size than those laid by the control. The reproductive effort (fecundityϫegg size) did not differ between treated females and the control. The treatment of a sublethal dose (LD 50 ) against the parent affected the development and survival of offspring at immature stages of males. The hatchability of smaller eggs laid by treated females at LD 25 tended to be lower than those of controls under different humidity conditions, and the difference was apparent at a humidity of 29%. The survival rate of the offspring at immature stages was lower in the treatment group (LD 25 ) than in the control group, and development tended to be prolonged in the former group at temperatures higher than 20°C.
INTRODUCTION
Resurgence after application of insecticides is attributed to the following processes: (a) reduction of natural enemies after pesticide use, (b) favorable influences of pesticide on phytophagous arthropods, and (c) removal of competitive species (Ripper, 1956) . The second process, called physiological resurgence, is induced by two different mechanisms, tropobiosis (Chaboussou, 1966) and hormoligosis (Townsent and Luckey, 1960) . Hormoligosis induced by insecticides is termed "insecticide hormoligosis" (Luckey, 1968) .
Resurgence has been observed in the diamondback moth (DBM), Plutella xylostella (Lepidoptera: Yponomeutidae) (Nemoto et al., 1984; Muckenfuss et al., 1992) . Sota et al. (1998) reported that the application of a carbamate, methomyl, and a pyrethroid, fenvalerate, to DBMs at sublethal doses caused hormoligosis through stimulating the reproductive potential. More eggs were laid by treated female adults than by those without insecticides at a dose of LD 12.5 or LD 25 . However, few studies have been conducted on the physiological mechanisms of insecticide hormoligosis. For the current paper, we examined whether the increased fecundity of DBM females was due to an allocation of more nutrition to egg production or merely to partitioning of existing nutrition into more eggs. We compared the fecundity of female DBMs and egg sizes between individuals treated with fenvalerate at sublethal doses and those without treatment.
If female adults treated with insecticides lay smaller eggs and the reproductive effort does not differ between the treatment group and the untreated group, it is possible that female DBMs partition their nutrition into more eggs. Furthermore, increased fecundity may not always contribute to an upsurge in the DBM population, due to lower survival rates of offspring from smaller eggs under harsh field conditions. We also compared the via-bility of offspring between the DBM females treated with fenvalerate and without treatment under different environmental conditions.
MATERIALS AND METHODS
Insect stock culture. A strain of DBM susceptible to insecticides was obtained from a laboratory colony maintained at the Sumitomo Chemical Co., Ltd., in 1998.
About 400 adults were put into a plastic cage (24ϫ24ϫ29.5 cm) for egg laying. The eggs were placed in a polypropylene cage (29ϫ18ϫ8 cm), and the hatched larvae were fed on radish seedlings until they pupated in the same cage. The emerged adults were introduced into a plastic cage containing radish seedlings and absorbent cotton with 10% honey solution, and allowed to mate and lay eggs. The stock culture was maintained at 25°C under 16L8D.
Determination of insecticide susceptibility. Topical application was used to determine the insecticide susceptibility of DBMs. Various concentrations of technical-grade fenvalerate (fenvalerate racemic [(RS)-a-cyano-3-phenoxybenzyl (RS)-2-(4-chlorophenyl)-3-methyl butyrate], 95.3% purity) were prepared with acetone. The 4th stadium larvae obtained from the stock culture were anesthetized by carbon dioxide and placed on a filter paper. A 0.5 ml droplet of insecticide was applied to the dorsum with an Arnold hand Microapplicator (Burkard, U.K.). Ten larvae treated with insecticide were placed in a plastic cup (6.5 cm in diameter, 4 cm in depth) with filter paper and a piece of cabbage leaf and maintained at 25°C under 16L8D. Larvae in the control plot were treated with acetone. After 24 h, the numbers of dead or moribund larvae and surviving larvae were recorded. The data were analyzed by probit analysis (Abbott, 1925) with a personal computer.
Four hundred to 600 1st stadium larvae were obtained from the stock culture. They were introduced into the polypropylene cages and fed on young cabbage leaves that were grown in a greenhouse. They were reared until the 4th stadium.
The 4th stadium larvae were treated with fenvalerate at an LD 25 or LD 50 equivalent dose. The insects in the control plot were treated with acetone only. The surviving larvae were reared in the plastic cup and allowed to pupate. Upon emergence, a pair of male and female moths was introduced into a plastic cup with absorbent cotton with a 10% honey solution and folio sealing film (TOYOBO Co., Ltd.); a piece of cabbage leaf was inserted for oviposition stimulant. Twenty pairs were used for each treatment. The number of eggs laid on the film was observed daily until the death of the female. The sizes of ten eggs laid by each female family on the 1st, 3rd, and 5th day after emergence were measured after hatching using a video micrometer (OLYMPUS, VM-60). The major axis (a) and minor axis (b) of the egg were measured, and the volume (V) was calculated by the formula, Vϭpab 2 /12, on the assumption that the shape was half ellipsoid. The hatchlings from the eggs laid by each female family on the 1st day were introduced individually into a plastic cup with a piece of filter paper and cabbage leaf and were reared at 25°C under 16L8D. The developmental period and survival rate during the larval and pupal stages were recorded. The pupae were weighed on the 2nd day of pupation. Upon emergence, a pair of female and male moths was placed in a plastic cup with absorbent cotton with 10% honey solution and folio sealing film with a cabbage leaf. The number of eggs laid was observed daily until the death of the female. The size of the eggs laid on the 1st day was measured after hatching.
Effects of a harsh environment on the viability of offspring. The humidity was adjusted to 97%, 79%, 64%, 43%, and 29% using saturated salt solutions (Honjo, 1953) in a glass desiccator (17 cm in diameter, 21 cm in height). The 4th stadium larvae were treated with fenvalerate at LD 25 equivalent doses or acetone. The emerged females were allowed to lay eggs on the folio sealing film with a cabbage leaf. The cabbage leaf was removed from the folio sealing film with eggs, and the film with eggs was then placed in a desiccator, and the hatchability of the eggs was observed. More than 200 eggs were used in each humidity plot and the egg size was measured after hatching.
The hatchlings from eggs laid by treated and untreated females were reared at 20°C, 25°C, 30°C, and 33°C under 16L8D to investigate the effects of temperature on the development of larvae. The larvae were fed on a piece of young cabbage leaf until they pupated. The developmental period and survival rate during the larval and pupal periods were recorded. The pupae were weighed on the 2nd day of pupation. More than 50 individuals were used in each plot.
RESULTS

Sublethal effects of fenvalerate on the life history traits of offspring
The LD 25 and LD 50 values obtained by the topical application of fenvalerate were 0.0021 and 0.0034 mg/larvae. The total number of eggs laid by a female, i.e. the fecundity, and the egg sizes were compared between the sublethal dose treatment group and the untreated group (Table 1 ). The fecundity tended to be higher with LD 25 treatment. The difference between the LD 25 treatment and non-treatment control was marginally significant ( pϭ0.07, Sheffe's F test). The egg size became smaller as the reproductive age of the females increased (Fig. 1) . The egg sizes of the untreated controls were significantly different among the three reproductive ages ( pϭ0.01). The egg size was significantly smaller in the females treated with LD 25 or LD 50 than in the untreated group on both the 1st and 3rd days (Table 1, Fig. 1 ). The egg size on the 5th day did not differ between the treatment group and the controls. The two-way ANOVA indicated that the variance of egg size on the 1st day was not significant (dfϭ2, Fϭ1.589, pϭ0.109) among the female families, although the variance among the treatment groups was highly significant (dfϭ10, Fϭ7.557, pϭ0.001) . A statistical analysis was subsequently performed irrespective of female family. The reproductive effort was not significantly different between the treatment group and the untreated controls (Table 1) . Table 2 shows the effects of sublethal treatment of fenvalerate against the larvae in the parent on the development of offspring. The developmental period of larvae and pupae tended to be longer in the treatment group than the untreated group. The difference between the LD 50 group and the controls was particularly significant only in males ( pϭ0.05). The pupal weight at LD 50 tended to be lighter in the treatment group than in controls, and the difference in males was significant ( pϭ0.05).
The survival rates during the larval and pupal periods were 71.8%, 66.7%, and 60.9% in the controls, the treatments at LD 25 , and those at LD 50 , respectively. The rates did not significantly differ between the treatment group and untreated control group ( pϾ0.05, Fisher's exact probability test); however, they tended to be lower in the treatment group.
The fecundity of the emerged female adults and their egg size were not significantly different between the treatment group and the untreated controls (data not shown).
Effects of a harsh environment on the viability of offspring
Hatchability was compared between eggs laid by the females treated with fenvalerate at LD 25 and by the untreated females under different humidity conditions (Fig. 2) . The egg size was significantly smaller in the treatment group (1.26ϫ10 Ϫ2 mm 3 in average) than in the untreated group (1.32ϫ10 The survival rates during the larval period at different temperatures were compared between individuals produced by a parent treated with fenvalerate at LD 25 and by an untreated parent (Fig. 3) . The size of eggs from which larvae hatched was significantly smaller in the treatment group (1.32ϫ10 Ϫ2 mm 3 in average) than in controls (1.39ϫ10 Ϫ2 mm 3 ) ( pϭ0.05, Mann-Whitney U-test). The survival rate was significantly lower in the treatment group than in controls except at 20°C ( pϭ0.05, Fisher's exact probability test). The survival rate at 33°C was considerably lower than at other temperatures, and the difference between the treated and untreated groups was amplified at 33°C. The developmental periods of the larvae and pupae and the pupal weights were compared between individuals produced by treated and untreated parents (Table 3) . The developmental period tended to be prolonged in the treatment group, except at 20°C. The difference between the treatment group and controls was significant in males at 25°C and 30°C. The pupal weight did not differ between the treatment group and untreated group regardless of temperature and sex.
Ϫ2
DISCUSSION
Insecticide hormoligosis is known to occur in some insects and mites, e.g., Sitophilus granarius (Kuenen, 1958) , Tetranychus urticae (Dittrich et al., 1974) , Diabrotica virgifera (Ball and Su, 106 Y. Fujiwara et al. Means within a row followed by different letters are significantly different ( pϭ0.05, Scheffe's F test). Fig. 2 . Comparison of hatchability between eggs laid by females treated with fenvalerate at LD 25 and by untreated females under different humidity conditions. * Significantly different between the treatment group and untreated control group ( pϭ0.05, Fisher's exact probability test). Fig. 3 . Comparison of survival rate during larval and pupal periods between individuals produced by a parent treated with fenvalerate at LD 25 and an untreated parent under different temperature conditions. * Significantly different between the treatment group and untreated control group ( pϭ0.05, Fisher's exact probability test). (Stewart and Philogene, 1983) , Panonychus citri (Jones and Parrella, 1984) , and Myzus persicae (Lowery and Sears, 1986; Ferguson and Chapman, 1992) . The phenomenon was particularly prominent in the brown planthopper Nilaparvata lugens (Chelliah et al., 1980) and the DBM (Nemoto et al., 1984) . These two studies involved topical application of insecticides to nymphs or larvae. Sota et al. (1998) recently reported that fecundity in the DBM increased significantly when treated with sublethal doses of fenvalerate. In this study, the fecundity of DBM females also increased when the larvae were treated with fenvalerate at LD 25 , although the difference from that of untreated females was only marginally significant ( pϭ0.07). The application of fenvalerate at sublethal doses apparently causes insecticide hormoligosis in DBMs. We also found that the DBM females treated with fenvalerate lay smaller eggs, indicating an egg size/egg-number trade-off. Consequently, the reproductive effort did not differ between treated and untreated females. This evidence indicates that the DBM female allocates a specific amount of nutrition into more eggs of smaller size under hormoligosis conditions. Some insects alter their egg size under different environments. For example, female adults of a migrant skipper Parnara guttata lay different-sized eggs under different photoperiod regimens (Nakasuji and Kimura, 1984) . The egg size variation of the skipper is associated with the leaf toughness of larval host plants (Nakasuji, 1987) . A seed beetle, Stator limbatus, lays different-sized eggs on seeds of host plants with different qualities (Fox and Mousseau, 1996) . However, no evidence has been reported regarding changes in egg size by a chemical stimulant. Roan and Hopkins (1961) reported that the excitation of the nervous system by an insecticide initiates a chain of events, beginning with the release of neuroendocrine secretions, which, in turn, induce responses in target organs. Two oocytes of female Panonychus ulmi matured simultaneously when the females were kept on DDT residues, while only one oocyte matured in the control females (Seifert, 1961) . Sublethal effects of insecticides on behavior and reproduction were reviewed by Haynes (1988) . However, the mechanisms of reproductive stimulation through sublethal effects have not been studied in regard to egg size variation.
1979), Manduca sexta
In general, a larger insect egg results in a higher viability in subsequent developmental stages (Capinera et al., 1977; Rossitor, 1991; Brady, 1994; Fox, 1997) . However, some studies have demonstrated that the egg size does not affect survival (e.g. Harvey, 1977; Wiklund and Persson, 1983) . Larger eggs and the larvae hatched from them may Changes in Egg Size of P. xylostella 107 exhibit a higher viability particularly under harsh environmental conditions. This was true in the case of DBMs. Outbreaks of DBMs occur frequently after application of some insecticides, and the outbreaks appear to be caused by hormoligosis (Nemoto et al., 1984; Sota et al., 1998) as well as by decimation of natural enemies (Nemoto, 1993) . The treatment of fenvalerate at sublethal doses produces DBM females that lay more but smaller-sized eggs. The lower viability of the smaller eggs and the larvae from the smaller eggs may cause a lower reproductive rate even though the fecundity of the females is high. Therefore, it is doubtful that the outbreaks occur through insecticide hormoligosis under harsh field conditions, e.g. high temperatures (Shirai, 2000) . Intensive studies are needed on the causative factors that influence the resurgence of DBMs in fields.
